These studies have demonstrated that the pressure sensitivity of fibers is strongly influenced by the elastic coefficients of the fiber coatings. For most of the commonly used fiber coating materials, however, the elastic moduli required to predict the fiber acoustic sensitivity are not generally known, particularly as a function of frequency and temperature. In this paper, the acoustic sensitivity of multilayer fibers is studied in detail as a function of the elastic coefficients of the fiber coatings. The analytic results are utilized to identify coating properties which optimize the fiber acoustic sensitivity.
The elastic parameters necessary to predict the fiber acoustic sensitivity of various commonly used optical fiber coatings, both thermoplastics and UV curable elastomers, are studied in bulk samples as a function of frequency (102-104 Hz) and temperature (0-35°C).
Utilizing the results of this study, coating properties giving optimum fiber acoustic sensitivity are identified. Finally, these results are compared to those measured experimentally employing a Mach-Zelmder fiber optic interferometer.
U.S. Government work not protected by U.S. copyright II. PRESSURE SENSITIVITY PREDICTIONS
The pressure sensitivity of the optical phase in a fiber is defined as A@/@AP, where A@ is the shift in the phase @ due to a pressure change AP. If a given pressure change AP results in a fiber core axial strain e= and radial strain Er, then it can be shown [4] that (1) Here PI~and P12 are the elastooptic coefficients of the core and n is the refractive index of the core. The first term in (1) is the part of A@/@AP which is due to the fiber length change, while the second and third terms are the parts due to the refractive index modulation of the core, which is related to the photoelastic effect [4] .
In order to calculate the sensitivity as given in (l), the strains in the core e, and e, must be related to the properties of the fiber layers. The stresses at a point in the fiber can be found from the Lam6 solutions as a function of the distance of that point from the center of the fiber in terms of appropriate constants [6] .
The strains in a given layer are then related to the stresses through the elastic moduli of that layer [7] while the displacements are expressed in terms of the strains.
The constants involved in these calculations are found from the appropriate boundary conditions. In this analysis the axial strains in the various fiber layers are assumed to be equal to each other, ignoring end effects. For long thin cylinders, such as fibers, this plane strain approximation introduces an error of less than 1 percent [4] .
The applied pressure is assumed to be hydrostatic [5] . Having calculated the various constants, the strains in the core are determined and the sensitivity is calculated (1) [8] .
A typical optical fiber ( Fig. 1) consists of a core, a cladding, and a substrate fabricated from glasses having similar properties.
Typically, this glass waveguide is coated first with an inner soft elastomer and then with an outer plastic, polymer, or metal jacket to preserve the fiber strength. The composition and the geometry of the fiber is kept constant throughout this paper, with the exception that the outer coating thickness and elastic moduli are allowed to vary. An example of a fiber having a thick coating is shown in Fig. 3 where the sensitivity is plotted versus the inverse of the bulk modulus of the fiber coating. In Fig. 3 the fiber OD was taken to be 6 mm and E = k/2. As can be seen from this figure, the fiber acoustic sensitivity is proportional to the inverse of the bulk modulus of the fiber coating. For fibers with more typical coating thicknesses, the sensitivity becomes a more complicated function of the elastic moduli.
In this case the waveguide experiences anisotropic strains and knowledge of two independent elastic moduli is required to predict the acoustic sensitivity. Fig. 4 shows the pressure sensitivity of a 0.7 mm 01) fiber, whose parameters are gjven in Table I as a function of bulk modulus for various
Young's moduli of the outer coating. As can be seen from this figure, for high Young's moduli the fiber sensitivity is a 'strong function of the bulk modulus. This function becomes weaker as the Young's modulus decreases. This can be understood in the following way.~For a composite fiber geometry, the axial stress carried by a particular layer is governed by the product of the cross-sectional area and the Young's modulus of that layer. Thus, for high Young's modulus materials, very little coating thickness is required to reach the "thick" coating case in which the sensitivity is governed essentially by the bulk modulus of that layer. Accordingly, for typical coating thickness high acoustic sensitivity requires a high Young's moduluslow bulk modulus material.
III. COATINGS
In addition to metals-which are not considered in this of several commonly used coatings, both thermoplastics and UV curable elastomers, are studied as a function of frequency and temperature. Using these results, the fiber acoustic sensitivity is predicted and coatings optimizing the sensitivity are identified.
A. Elastic Parameters of Coatings
Since the glass parameters are relatively independent of frequency and temperature, the frequency and temperature dependence of the fiber acoustic response is governed by the frequency and temperature dependence of the elastic moduli of the fiber coatings. The frequency and temperature dependence of the Young's modulus was obtained from measurements on bulk samples in the form of rods with diameter 1.5-3.5 cm and length 5-15 cm. The bulk modulus was considered to be frequency independent [11] and was measured at only one convenient frequency.
The elastic moduli of six thermoplastics and two acrylate based UV curable elastomers are reported here. Table II lists the names, trade names, and the manufacturing and extruding companies of the elastomers. The density of the elastomer is also given in Table II since it is used for identification, particularly" for elastomers of the same type. Fig. 5 shows the frequency dependence of the Young's modulus of the thermoplastics and one relatively hard, acrylate based UV curable elastomer at 27"C. As can be seen from this figure the Young's modulus of these hard coatings has a similar, relatively small frequency dependence.
Thus, it appears that' the elastic moduli of hard coatings, both thermoplastics and acrylate based UV curable elastomers, are not strongly frequency 
dependent. Such coatings can be utilized in acoustic sensors
where frequency independent sensitivityy is desired. Fig. 6 shows the temperature dependence of the Young's modulus of the thermoplastics and the hard acrylate based UV curable elastomer.
As can be seen from this figure, the temperature dependence of the Young's modulus shows considerable variation for different coatings. Nylon has the weakest reIative temperature dependence while polypropylene 7823 and the UV curable elastomer have the strongest.
In addition to the hard coatings, a relatively soft acrylate based UV curable elastotner was also studied. Fig. 7 shows the frequency dependence of the Young's modulus of this elastomer at O, 27, and 35"C. As can be seen from this figure, the Young's modulus of the soft UV curable elastomer has a strong frequency and temperature dependence, indicating that at these frequencies and temperatures this elastomer is very close to or at its rubber to plastic transition.
Such a coating would lead to a strong frequency and temperature dependence of the fiber acoustic sensitivity.
Finally, Fig. 8 shows the bulk modulus of all eight elastomers as a function of temperature.
As can be seen from this figure the UV coatings have the strongest temperature dependence and nylon has the least. 
B. Acoustic Sensitivity of Coated Fibers
From the bulk modulus (assumed to be independent of frequency) and the Young's modulus (Figs. 5-8 ) the calculated acoustic sensitivity of fibers coated with these elastomers is obtained.
In these calculations, the fiber parameters were taken from Table I and fiber OD was taken to be 0.7 mm, a typical diameter. Fig. 9 shows the frequency response of the acoustic sensitivity of fibers coated with various elastomers in the frequency range of 102-104 Hz. As can be seen from this figure, the frequency dependence of the sensitivity of fibers with the hard coatings is relatively small, in agree- creases the fiber sensitivityy increases. Thus, the least sensitivity is obtained with nylon having the highest bulk modulus, while the maximum sensitivity is achieved with Teflon TFE type II having the lowest bulk modulus. On the other hand, the sensitivity obtained with Hytrel and, in particular, with the UV curable elastomers is low due to their relatively low Young's modulus. With such a small Young's modulus, substantially thicker coatings are required to achieve the sensitivity determined by the bulk modulus (Fig. 2) .
In Fig. 4 we show by shaded areas the regions encompassing the three basic groups of elastomers, two of which were studied in this work.
The upper and middle regions include the polymers and the UV curable acrylate elastomers, respectively, over the O-35°C and 102-104 Hz ranges, and the lower region includes rubbers [5] , [12] . It is generally expected that most other polymers and rubbers will be placed more or less near the upper and lower regions of Fig. 4 , respectively.
The UV curable elastomers, however, can vary widely, having a very low or a high Young's modulus [13] . Out of these widely varying elastomers, it is believed that coatings can be found which would further optimize the acoustic sensitivity of fibers.
IV. EXPERIMENTAL MEASUREMENTS
In order to validate the analytical methods described here, we measured the acoustic sensitivity of available coated fibers. The Mach-Zehnder interferometer arrangement used to measure the acoustic sensitivity of coated fibers was similar to that of [14] .
In the interferometer, the sensing fiber, which was the fiber coated with different elastomers, was in a coil form with a 6 cm nominal diameter and 13-16 m length immersed into an acoustic calibrator. The reference fiber was a singlemode ITT fiber (Table 1) A standard calibrated hydrophore was inserted at the level of the fiber coil and was used to measure the acoustic pressure levels.
In Fig. 11 , the experimentally obtained acoustic sensitivities of the studied fibers at 27°C are compared to those calculated from (l).
For which is due to its strong Young's modulus frequency dependence. The temperature dependence of the acoustic sensitivity of fibers coated with different elastomers was found to vary considerably.
Fibers with nylon coating have the weakest temperature dependent sensitivity, while fibers with the UV curable elastomers have the strongest. The analytically predicted acoustic sensitivity was found to be in agreement with that obtained experimentally from fibers with various coatings.
In this paper only relatively few coating materials have been studied. However, the range of plastics and UV curable elastomers that is possible is considerable and these can have widely different elastic parameters. Out of this wide range of elastomers, it is believed that coatings can be found which would further optimize the acoustic sensitivity of fibers.
